INTRODUCTION
============

Bacteria are able to thrive in virtually any ecological niche because of their adaptive and diverse metabolic activity ([@R1]). Owing to such a metabolic diversity, richer than in any other types of organisms, bacteria create, for example, physical matter in the form of biofilms that warrant survival even in hostile environments ([@R2], [@R3]). Biofilms adapt their mechanical properties under stress to match conditions imposed by the surrounding environment with a great diversity of biopolymers ([@R4]--[@R6]). During growth in biofilms, bacteria can also form and degrade a plethora of compounds, which are often used to synthesize chemicals, biopolymers, enzymes, and proteins relevant for the food, medical, and chemical industries ([@R7]). Moreover, bacteria are able to form calcium carbonate ([@R8]), magnetites ([@R9]), and biopolymers ([@R10]), which could lead to a new generation of biomineralized composites ([@R11]), biodegradable plastics ([@R12]), and functional materials for biomedical applications ([@R13]). This provides these microorganisms with a wide spectrum of functional properties that hold potential for a variety of novel applications. Despite these remarkable features, the use of the programmable biochemical machinery of bacteria to create "living materials" with controlled three-dimensional (3D) shape, microstructure, and dynamic metabolic response remains largely unexplored. This is due to the lack of manufacturing tools that enable the immobilization of bacteria in a biocompatible medium that can be further processed into functional materials with well-defined 3D geometry and site-specific cellular and chemical composition.

Several strategies to immobilize bacteria while maintaining their metabolic activity have been used in biotechnological applications. Typically, microorganisms are immobilized through specific processes, such as adsorption on surfaces, cell cross-linking, encapsulation, and entrapment, to increase the production yield and to provide safety for the bacteria from toxic substances ([@R14]). In contrast to immobilization on hard surfaces, embedding bacteria in hydrogels provides an ideal living environment with a high water content to allow nutrients to flow in and waste products to diffuse out of the gel. Naturally, bacteria produce their own hydrogel in the form of protective biofilms with very diverse mechanical properties. For example, biofilms made by *Bacillus subtilis* are formed at the water-air interface through amyloid fibers that provide biofilm cohesion and relatively strong mechanical properties ([@R15], [@R16]). Other bacteria, such as *Acetobacter xylinum*, also referred to as *Gluconacetobacter xylinus*, are able to secrete nanocellulose hydrogels directly at the water-air interface with astonishing mechanical strength ([@R17], [@R18]). For example, this biofilm formation process is exploited by the medical industry for the production of artificial skin, medical patches, and food products ([@R19]--[@R22]). In particular, bacterial cellulose has been found to be extremely useful in the medical industry because of its cell biocompatibility, making it ideal for tissue engineering ([@R13], [@R18]). So far, bacterial cellulose has been manufactured in situ in the form of surface-patterned implants ([@R13]), ear transplants ([@R23]), and potential blood vessels ([@R18], [@R24]) by diffusing oxygen through nanopatterned and 3D-shaped silicone molds. In these examples, biofilms have been mainly formed in a nonimmobilized state at a variety of surfaces and interfaces by depositing a layer of bacteria initially suspended in a fluid culture medium on the desired substrate. Immobilizing bacteria in a viscoelastic matrix that could be free-formed into intricate geometries and combined with different microorganisms to achieve spatial cellular and chemical composition control would enable the fabrication of materials with thus far inaccessible dynamic functionalities.

For instance, tackling the geometrical constraints and the lack of spatial control of current biofilm growth approaches could lead to novel design possibilities in microbial fuel cells ([@R25]) and biosensors ([@R26]) by providing mechanical stability to entrapped cells in biotechnological applications ([@R14]). This shape and structural and compositional control can potentially enable the implementation of enticing dynamic properties to otherwise static functional materials. Site-specific control over bacteria distribution has been recently shown to be a very interesting technique to study bacteria dynamics in biofilms ([@R27], [@R28]). In this example, 3D printing technology was used to localize bacteria into different compartments, providing an ideal environment to study bacterial communication in biofilms, known as quorum sensing ([@R29]). However, direct printing of multiple bacteria species has been so far limited to millimeter-scale structures ([@R30]). The incorporation of bacteria in larger synthetic structures has been achieved by multimaterial printing of support structures containing fluidic channels that are later infiltrated with a suspension of the living organisms. In contrast to this simple bacterial impregnation ([@R31]), 3D multimaterial printing of bacteria should enable the homogeneous incorporation of bacteria throughout the printed hydrogel in a one-step approach. Moreover, multiple bacterial strains can potentially be localized at specific sites within a complex architecture to study quorum sensing, bacterial growth, and migration. Embedded bacteria are also more resilient to external adverse effects, such as toxic components, compared to bacteria that live on surfaces only. Despite all these envisioned advantages, the direct processing of immobilized bacteria into self-supporting structures with complex 3D geometries, site-specific cellular composition, and dynamic functionalities has not yet been shown.

Here, we report on a 3D printing platform that enables the digital fabrication of free-standing cell-laden hydrogels with full control over the spatial distribution and concentration of cells or microbes in complex and self-supporting 3D architectures. To this end, we develop and study a functional living ink, called "Flink," that is a biocompatible immobilization medium that exhibits the viscoelastic properties required for 3D printing of various cells through multimaterial direct ink writing (DIW). The freedom of shape and material composition provided by this printing technique is combined with the metabolic response of microorganisms to enable the digital fabrication of bacteria-derived living materials featuring unprecedented functionalities, such as adaptive behavior, pollutant degradation, and structure formation in the form of cellulose reinforcement. As a novel additive manufacturing approach, Flink 3D printing opens the possibility to combine different organisms and chemistries in a single process, allowing for the digital shaping of living materials into new geometries and adaptive functional architectures ([@R32]). The potential of this approach is demonstrated by printing a biocompatible and rheologically optimized bioink into 3D cellular structures for bioremediation and complex-shaped synthetic skin scaffolds for biomedical applications.

RESULTS AND DISCUSSION
======================

The 3D printing technology developed for the digital manufacturing of living materials using functional bacteria-laden inks is shown in [Fig. 1](#F1){ref-type="fig"}. Owing to their diverse metabolism, bacteria that are capable of degrading toxins, synthesizing vitamins, forming cellulose, and performing photosynthesis can be loaded in the ink. The possibility to implement this inherent diverse metabolic activity in a 3D-printed living material is harnessed by loading the desired bacteria in a hydrogel ink that can be extruded in the form of filaments while providing the environment to keep cells alive and functional. Growth and metabolic activity in the printed structure is possible by embedding the bacteria in a hydrogel composed of biocompatible hyaluronic acid (HA), κ-carrageenan (κ-CA), and fumed silica (FS). By including bacteria and their metabolic activity in the hydrogel, the functional living ink Flink is formed and 3D-printed into scaffolds with functionalities inaccessible by nonliving materials.

![Schematics of the 3D bacteria-printing platform for the creation of functional living materials.\
Multifunctional bacteria are embedded in a bioink consisting of biocompatible HA, κ-CA, and FS in bacterial medium. 3D printing of bacteria-containing hydrogels enables the creation of structures in arbitrary shape and added functionality due to the manifold products of bacterial metabolism. The inclusion of specific bacterial strains leads to a living and responsive hydrogel, a novel class of material named Flink. For example, the inclusion of *P. putida* and *A. xylinum* yields 3D-printed materials capable of degrading environmental pollutants and forming bacterial cellulose in situ for biomedical applications, respectively.](aao6804-F1){#F1}

Two examples of living materials are presented here to demonstrate the possible functionalities arising from the metabolic activity and growth of bacteria embedded within 3D-printed structures. As a first example, the phenol degradation capability of *Pseudomonas putida* immobilized in a 3D-printed lattice is demonstrated for bioremediation applications. A second example shows the growth of *A. xylinum* in a complex-shaped 3D-printed architecture that enables the in situ formation of bacterial cellulose relevant for biomedical applications. The presented multimaterial additive manufacturing process allows for the creation of versatile and functional 3D structures with spatial control over the hydrogel composition and localization of different bacterial strains. In contrast to previous works on the formation of cellulose by immersion of a 3D-printed substrate into a bacteria culture medium ([@R23], [@R33]), we 3D-print functional bulk structures using inks that are already preloaded with bacteria. This eliminates the need for support material and opens the possibility to create complex structures of truly 3D shapes with spatially defined bacteria type and concentration. This is achieved by designing inks with rheological behavior that are adequate for extrusion-based printing and retain bacterial survival and metabolic activity after the manufacturing process.

To benefit from the inherent freedom of shape provided by 3D printing ([@R34], [@R35]), the rheological properties of the hydrogel ink have to be designed to ensure the additive deposition of distortion-free and accurate 3D structures. A viscoelastic and shear-thinning bioink with structure recovery was developed to fulfill these rheological requirements while ensuring a high survival rate of bacteria. This was achieved by using κ-CA, HA, and FS as nontoxic constituents. As opposed to synthetic polymers, κ-CA and HA are natural and widely available biopolymers that can be solubilized in water-based media such as Lysogeny broth (LB) and other typical bacterial media to form a versatile ink.

In addition to significantly increasing the viscosity of the solutions at minor concentrations, the natural hydrogel formers κ-CA and HA also retain sufficient water to create an environment that is biocompatible and favorable for the growth of bacteria. The viscous behavior achieved with HA and FS combined with the strong elasticity arising from κ-CA and FS makes these three constituents suitable ingredients to tune the rheological behavior of bioinks. To understand the role of these three individual constituents on the rheological behavior of the bioink, we first investigate the flow response and viscoelastic properties of each hydrogel constituent alone (κ-CA, HA, and FS). All constituents show a shear-thinning behavior with variable viscosities across a wide range of shear rate ([Fig. 2A](#F2){ref-type="fig"}, left). Moreover, no hysteresis was observed for increasing and decreasing shear rates, indicating fast recovery of the single-constituent hydrogels within a few seconds. Oscillatory amplitude sweeps show that solutions with 1 weight % (wt %) κ-CA are predominantly elastic at low strains and viscous above a critical shear strain (ε~*y*~), confirming the formation of a network below ε~*y*~. A similar but much less pronounced formation of a network is observed for 1 wt % FS at low shear strains. In contrast, a solution of 1 wt % HA exhibits predominantly viscous behavior ([Fig. 2A](#F2){ref-type="fig"}, right). Combining the individual constituents at equal weight fractions (1 wt % each) leads to a synergistic effect shown by the higher viscosity ([Fig. 2B](#F2){ref-type="fig"}, left) of the Flink compared to the viscosities of each constituent alone at the same individual concentrations ([Fig. 2A](#F2){ref-type="fig"}, left). Altering one of the constituents away from the 1:1:1 ratio was experimentally found to impair the printability of the ink by an increased G′ at higher κ-CA and FS concentrations and an increased G″ at higher HA concentrations. Therefore, the three constituents were combined at a fixed weight fraction of 1 wt % each to form a viscoelastic ink that is shear-thinning over the entire applied shear rate regime ([Fig. 2B](#F2){ref-type="fig"}). The rheological properties and extrudability of this final ink is not altered by the presence of bacteria. Oscillatory frequency sweeps also show that this ink is predominantly elastic over the frequency range of 0.1 to 100 rad/s (fig. S2). Increasing the concentrations of individual constituents from 1 to 2 and 3 wt % at a fixed 1:1:1 ratio leads to higher overall viscosity and elasticity while keeping the shear-thinning response. We name these additional compositions according to the total weight fraction of the added constituents. For example, the 3 wt % Flink contains 1 wt % κ-CA, 1 wt % HA, and 1 wt % FS, whereas a 9 wt % Flink contains 3 wt % of each constituent.

![Rheology and shape retention properties of bacteria-laden Flink used for 3D printing.\
(**A** and **B**) Rheological properties of the individual components (1 wt % κ-CA, 1 wt % HA, and 1 wt % FS) in LB bacterial medium (A) and in combination as Flink at concentrations of 1, 2, and 3 wt % for each individual constituent (hereafter called 3, 6, and 9 wt % Flinks, respectively) (B). The steady-state flow behavior of the inks is measured by viscosity curves at increasing and decreasing shear rates. The elastic (G′) and viscous (G″) moduli are measured by oscillatory amplitude sweeps (strain, 0.01 to 1000%; angular frequency, 1 rad/s). (**C**) Left: To simulate printing conditions, alternating high (70 s^−1^) and low (0.1 s^−1^) shear rates in steady-state rotation mode were applied to 3, 6, and 9 wt % Flinks. Right: Instantaneous recovery of the viscoelastic network of 6 wt % Flink is shown by a sudden shear process in a steady state (70 s^−1^), followed by an oscillatory time sweep. (**D**) Left: Dynamic yield stresses of different Flink concentrations measured in strain-controlled measurements. Right: The effect of yield stress and elasticity on structure retention in printed filaments for different Flinks.](aao6804-F2){#F2}

To more closely simulate the time scales and mechanical forces acting on the ink during printing, high (70 s^−1^) and low (0.1 s^−1^) shear rate cycles were applied to formulations with different constituent concentrations ([Fig. 2C](#F2){ref-type="fig"}). All the presented inks show an immediate recovery in viscosity even after multiple cycles. This elastic recovery after deposition was quantified by performing additional experiments, in which an oscillatory time sweep at constant amplitude and frequency was interrupted by a steady-state shear step of 70 s^−1^, followed by a second oscillatory measurement. The high rotational shear applied reproduces the stresses experienced by the ink during extrusion, whereas the oscillatory measurements are used to quantify the storage modulus of the ink before and after shearing. The elastic modulus recovers almost fully within 1 s for all ink designs. The viscoelastic properties of the hydrogel are regained quickly enough to avoid flow-induced distortion after 3D printing if the Flink concentration is equal or higher than 6 wt % ([Fig. 2D](#F2){ref-type="fig"}, right).

After extrusion, the storage modulus of the ink has to ensure minimum gravity-induced distortion of the deposited filaments. This is particularly relevant for grid structures exhibiting free-spanning filaments ([@R36]). Flinks with total constituent concentrations above 4.5 wt % display recovered elastic modulus that is high enough to prevent excessive deflection of free-spanning filaments in typical grid-type printed structures (table S1). Using simple beam theory and typical grid dimensions, we estimate that the recovered storage modulus in the order of 1 kPa obtained here allows a supported filament to span over a distance larger than three times its own diameter (see section S1) ([@R32], [@R36], [@R37]).

Besides a high-storage modulus and quick elasticity recovery, an adequate yield stress after extrusion is critical to prevent distortion of the print due to capillary forces. As expected, Flinks with increasing constituent concentrations also show higher yield stresses ([Fig. 2D](#F2){ref-type="fig"}). The oscillatory measurements reveal that Flinks with constituent concentrations above 4.5 wt % exhibit yield stresses above 100 Pa. This yield stress level is higher than the capillary forces expected to arise from the curved surface of filaments typically produced through DIW (diameter, 0.58 mm; surface tension, 0.009 N/m) ([@R32]). By contrast, the 3 wt % Flink displays an elastic modulus under rest of 300 Pa and a yield stress of 20 Pa ([Fig. 2B](#F2){ref-type="fig"}), which are not high enough to enable structure retention after deposition ([Fig. 2D](#F2){ref-type="fig"}, right). Because they provide fast recovered elastic moduli of approximately 1 kPa and yield stress above 100 Pa, Flinks with 4.5 wt % of constituents or higher were chosen as 3D printing inks for the inclusion of bacteria.

Using multimaterial DIW ([@R32]) of Flinks, bacteria can be incorporated and grown in specific regions of printed structures with high accuracy and freedom of shape ([Fig. 3](#F3){ref-type="fig"}, A to C). A grid comprising two bacterial strains, *B. subtilis* (stained with Nile Red) and *P. putida* \[stained with 4′,6-diamidino-2-phenylindole (DAPI)\], was printed with both strains spatially segregated into different struts of the structure, as shown in [Fig. 3D](#F3){ref-type="fig"}. Full control of bacteria local concentration is possible by multimaterial DIW because each of the cartridges can be loaded with different bacterial strains at various concentrations and eventually extruded at any point in the object. This illustrates the versatility of the method, which allows combining multiple types of bacteria with various nutrient requirements, metabolic activities, and functionalities within the same structure.

![3D printing accuracy, swelling, and mechanical properties after cross-linking and bacterial growth using a 4.5 wt % Flink and Flink-GMHA.\
(**A** to **C**) Various shapes of Flink hydrogels containing localized bacteria with high precision in 3D. (**D**) Multimaterial 3D printing with spatial segregation of two bacterial strains. *P. putida* is labeled with DAPI (blue) and localized in the horizontal lines, whereas *B. subtilis* is colored with Nile Red (green) and embedded in the vertical lines. (**E**) Flink (6 wt %; without bacteria) was modified with GMHA to form a UV--cross-linked water-insoluble hydrogel after UV light exposure (365 nm for 60 s at 90 mW). The hydrogels are shown after printing, after 1 hour in bacterial medium and after 1hour in DI water, respectively. (**F**) Amplitude oscillatory sweeps of the modified Flink-GMHA (4.5 wt %) before and after cross-linking. Strains in the range from 0.01 to 100% at an angular frequency of 1 rads^−1^ were applied in these measurements. All scaffolds are self-sustaining and resilient.](aao6804-F3){#F3}

In addition to spatial control, the survivability and proliferation of bacteria within the printed structures are crucial to obtain functional living materials through this process. To determine bacterial survivability and proliferation in the ink, a toxicity assay for Gram-positive (*B. subtilis*) and Gram-negative (*P. putida*) bacteria revealed all ink constituents to be fully biocompatible. Further, the presence of radicals during ultraviolet (UV) exposure (365 nm for 60 s at 90 mW) is not hazardous to the bacteria (100% viability; fig. S1). Thus, the presented Flinks provide maximal bacteria survivability combined with freeform printing at high accuracy and small length scales ([Fig. 3](#F3){ref-type="fig"}, A to C).

Resilient self-supporting structures are obtained after printing by replacing HA with a chemically modified glycidyl methacrylate HA (GMHA). The exchange of HA with GMHA (Flink-GMHA) does not significantly alter the viscosity (fig. S3), and it allows the hydrogel to be UV--cross-linked ([Fig. 3F](#F3){ref-type="fig"}) at low exposure dose and innocuous wavelengths (365 nm for 60 s at 90 mW) to form a water-insoluble hydrogel ([Fig. 3E](#F3){ref-type="fig"}). A strong hydrogel is formed with sufficient mechanical strength to be handled and swollen in various media, thereby providing the high mechanical stability needed to form viable scaffolds. Several other design strategies can be envisioned to impart additional functionalities to the hydrogel ([@R38]--[@R40]).

When immersed in bacterial medium, the cross-linked hydrogel swells to 1.5 times its size, whereas in water, the grid doubles its original size. The swelling of the hydrogel is affected by the difference in ion concentration present in the hydrogel and the surrounding aqueous medium. Because Flinks are formulated with bacterial broth containing high salt concentrations, osmotic pressure leads to an uptake of the surrounding liquid, when the printed object is placed in Milli-Q water, causing the hydrogel to swell. In contrast, there is only a small exchange of ions when immersing the structure in bacterial media.

Amplitude sweeps on the chemically modified Flink-GMHA reveal an increase in the elastic (G′) and viscous (G″) moduli of the Flink-GMHA after cross-linking ([Fig. 3F](#F3){ref-type="fig"}). The increase of G″ at higher strains in the form of a weak strain overshoot suggests that cross-linking generates an interconnected network ([@R41]).

The immobilization of bacteria in these complex-shaped hydrogels allows us to harness the nearly ad infinitum richness of bacteria diversity and their metabolic products. By partially mimicking biofilms that provide a natural habitat of bacteria, hydrogels allow for the control of bacterial metabolisms in predesigned environments. As demonstrated in biotechnological applications, this increases the product yield, protects the bacteria from environmental influences, and permits growth. Continuous release of bacteria and high metabolic activity are secured through immobilization in hydrogels. In addition, structures containing immobilized bacteria can easily be separated from the surrounding medium and be reused for many cycles.

To evince this concept in hydrogels with 3D programmable geometries, a bacterial strain of *P. putida* that is capable of phenol degradation was immobilized in a 3D-printed Flink-GMHA grid (DSM 50222) ([@R42]). The resulting functional living structure converts environmentally hazardous phenol into biomass, taking advantage of the high surface area of the grid architecture to maximize contact between immobilized cells and the liquid medium. To demonstrate these unique features, the grid was photo--cross-linked after printing and incubated in a minimal salts medium (MM) with phenol as the only carbon source. The degradation of phenol was followed using UV-visible adsorption spectroscopy over time, and the concentration of bacteria released from the grid was quantified by measuring the optical density (OD) of the liquid medium ([@R43], [@R44]). The observed decrease in phenol concentration confirms the degradation of this chemical by the incubated bacteria ([Fig. 4A](#F4){ref-type="fig"}). The degradation time window decreases from 130 to 24 hours in a second incubation period in which the same initial concentration of phenol was used after extensive rinsing of the grid in deionized (DI) water. For both incubations, the phenol concentration reduction is accompanied by an increase in the concentration of bacteria in the liquid medium, as indicated by the increase in OD. This reveals that part of the immobilized bacteria is released into the medium and grows at the expense of phenol. Bacterial growth ceased after the initial phenol was fully converted into biomass.

![3D-printed bacteria-functionalized structures with complex shapes for bioremediation and biomedical applications.\
(**A**) A photo--cross-linked grid structure printed using a 4.5 wt % Flink-GMHA loaded with *P. putida*, a known phenol degrader, was incubated in an MM with phenol as the only carbon source. Phenol concentration and bacterial optical density (OD~600~) are shown as a function of time, as indicators of phenol degradation and bacterial growth. As a control, an equivalent bacteria concentration was incubated as a free-floating culture. (**B**) The preincubated grid was inoculated for a second time in a phenol containing MM. This time, phenol degradation happened as fast as with the free-floating control due to the higher bacterial concentration now present inside the grid. (**C**) Staining of bacterial DNA within the grid by ethidium bromide before (top) and after (bottom) incubation in the phenol-containing medium (343 nm). (**D**) In situ formation of bacterial cellulose by *A. xylinum* is used to generate a 3D-printed scaffold with a 4.5 wt % Flink in the shape of a T-shirt. Bacterial cellulose is visualized with a specific fluorescent dye at 365 nm. (**E**) Bacterial cellulose nanofibril network under SEM printed with a 3 wt % Flink. (**F**) Growth of bacterial cellulose depends on oxygen availability and the viscosity of the Flink. A dense cellulose network is only present in regions of high oxygen levels and low to medium viscosities. Images show, from top to bottom, circular prints using 3, 6, and 9 wt % Flinks. (**G**) A doll face was scanned, and a 4.5 wt % Flink containing *A. xylinum* was deposited onto the face using a custom-built 3D printer. In situ cellulose growth leads to the formation of a cellulose-reinforced hydrogel that, after removal of all biological residues, can serve as a skin transplant.](aao6804-F4){#F4}

The relative contributions of immobilized and free bacteria to the total phenol degradation process were quantified by carrying out a control experiment, in which the same total concentration of bacteria used in the first incubation of the immobilized system was exposed to an equivalent level of phenol. In this control experiment, the initial phenol was entirely degraded into biomass after 40 hours. Because the OD measured in the grid after the first incubation is 50% of the value observed for the liquid with free bacteria, we conclude that phenol degradation in the printed structures is caused not only by bacteria released from the grid but also by those immobilized inside and on the surface of the scaffold. The control experiment also reveals that two incubations of the grid are enough to reach the fast degradation kinetics observed for the liquid containing free bacteria ([Fig. 4B](#F4){ref-type="fig"}). Despite this additional incubation step needed to reach equivalent degradation kinetics, the bacteria-laden 3D-printed grid exhibits the intrinsic advantages of immobilized systems combined with the freedom in geometrical design enabled by printing. Ethidium bromide staining of the grid before and after incubation confirmed the presence of bacterial DNA throughout the entire grid ([Fig. 4C](#F4){ref-type="fig"} and fig. S4), underlining the assertion that growth took place within the gel. Hence, bacterial growth and metabolic activity were secured through immobilization in the predesigned environment of the printed structure.

Another example of added functionality through bacterial incorporation is demonstrated by printing Flink loaded with the bacterium *A. xylinum*, which is capable of producing cellulose when exposed to oxygen in a culture medium. In situ cellulose formation by *A. xylinum* leads to mechanically robust complex-shaped 3D-printed structures with potential biomedical applications. This is demonstrated by embedding *A. xylinum* in the hydrogel containing κ-CA, HA, and FS, followed by incubation of the printed structure for 4 to 7 days. To promote biofilm formation and, therefore, bacterial cellulose growth, the inks in this case were deliberately not cross-linked. After 3D printing and cellulose growth, most of the ink constituents are washed out, leaving only a network of nanofibrillated bacterial cellulose (see fig. S5). To use these constructs for biomedical applications, the printed structures can be washed in water/ethanol mixtures. In addition, bacteria can also be removed by using standard protocols, as for example, immersion in a 1 M NaOH solution at 80°C ([@R13]).

The formation of bacterial cellulose in the 3D-printed scaffold was confirmed by scanning electron microscopy (SEM) imaging and by staining the grown cellulose with Fluorescent Brightener 28, a cellulose-specific fluorescent dye ([Fig. 4](#F4){ref-type="fig"}, D and E). Bacterial cellulose formation depends on oxygen availability and the viscosity of the hydrogel ink. To analyze the growth of *A. xylinum* as a function of oxygen availability and ink viscosity, circular prints of 3, 4.5, and 6 wt % Flinks were covered with two glass slides such that air was only accessible from the sides ([Fig. 4F](#F4){ref-type="fig"}). Because the proliferation of *A. xylinum* and therewith the production of cellulose requires high oxygen levels ([@R17]), cellulose was solely formed at the rim of the printed structure. Thus, the availability of oxygen controls the growth depth of bacteria inside the 3D-printed structure. For the model experiments with circular print geometries, we observe the growth depth to vary between 0.5 and 2 mm, depending on the weight fraction of constituents and, thus, the viscosity of the ink. This self-limited depth makes the bacteria-driven cellulose formation process convenient for the preparation of films and coatings. For example, coating an implant with bacterial cellulose has been shown to be very effective to avoid organ rejection ([@R13]). Alternatively, the manufacturing of bulk parts can be envisaged if the immobilization of *A. xylinum* is combined, for example, with the possible incorporation of oxygen-producing cyanobacteria in the hydrogel ([@R45]).

When oxygen is made available only at the periphery of the printed hydrogel, the growth depth was found to decrease for inks with increasing viscosity. At low viscosities (3 wt % Flink; 200 Pa∙s), cellulose formation is high, visible by the bright ring of densely nanofibrillated cellulose network ([Fig. 4F](#F4){ref-type="fig"}). When incorporated at this low concentration, the ink constituents can be washed out, leaving a stable interconnected bacterial cellulose network (fig. S5A). With progressively higher viscosities (6 wt % Flink; 2000 Pa∙s), less bacterial cellulose growth was observed at the rim of the print. This suggests that the immobilization of bacteria inside a highly viscous gel reduces the formation of cellulose microfibrils by restricting cell locomotion in the culture medium ([@R46]). At the intermediate constituent concentrations of the 4.5 wt % Flink, a highly interconnected bacterial cellulose network was formed while maintaining a high enough elasticity and yield stress to ensure printing accuracy ([Fig. 3](#F3){ref-type="fig"}). In this case, the ink constituents can be dissolved in water, leaving a bacterial cellulose scaffold (fig. S5, B to E). Above 6 wt % Flink, the bacterial cellulose formation is not high enough to remain cohesive after submersion in water.

To illustrate the full potential of Flinks in creating bacteria-derived functional materials with intricate geometries, we used a custom-built four-axis 3D printer capable of scanning and printing on arbitrary, nonplanar surfaces to deposit a hydrogel loaded with *A. xylinum* onto a substrate representing a human face ([Fig. 4G](#F4){ref-type="fig"}). As in previous examples, the rheology of the ink was designed to ensure fluidity in the nozzle combined with quick elasticity recover to enable the deposition of distortion-free nondripping filaments. This was possible using the 4.5 wt % Flink. Bacterial cellulose was formed in situ after incubating the face under optimal growth conditions (at 30°C at high humidity for 4 days), as confirmed by direct visualization using a cellulose-specific fluorescent dye. In the region of the forehead, less cellulose formation was visible due to a thinner hydrogel thickness compared to the thickness around the eyes, nose, and mouth. Given the emerging importance of bacterial cellulose as skin replacements and as tissue envelops in organ transplantation ([@R13], [@R18], [@R22]), the possibility to form bacterial cellulose in any desired 3D shape allows us to apply the decellularized cellulose onto the site of interest without risking the detachment of the skin graft upon movement. The in situ formation of reinforcing cellulose fibers within the hydrogel is particularly attractive for regions under mechanical tension, such as the elbow and knee, or when administered as a pouch onto organs to prevent fibrosis after surgical implants and transplantations. Cellulose films grown in complex geometries precisely match the topography of the site of interest, preventing the formation of wrinkles and entrapments of contaminants that could impair the healing process. We envision that long-term medical applications will benefit from the presented multimaterial 3D printing process by locally deploying bacteria where needed.

CONCLUSIONS
===========

We have developed a 3D printing platform that enables additive manufacturing of complex 3D living architectures of bacteria-laden hydrogels with full localization and concentration control of bacteria. With the freedom of shape provided by this printing technique and the inherent diverse metabolic activity of bacteria, living bacteria-derived materials with unprecedented functionalities can be created, adding a new dimension to 3D printing. This was achieved by developing a biocompatible hydrogel with optimized rheological properties that allows for the immobilization of bacteria into 3D-printed architectures at a high accuracy. The potential of 3D-printed bacterial structures for biotechnological applications was demonstrated through the immobilization of the two model bacterial strains *P. putida* and *A. xylinum* in the hydrogel ink. *P. putida*, a known phenol degrader, was immobilized and allowed to degrade phenol into biomass, showing the potential of the 3D bacteria printing platform for biotechnological applications. Immobilization of *A. xylinum* in a predesigned 3D matrix enabled the in situ formation of bacterial cellulose scaffolds on nonplanar surfaces, relevant for personalized biomedical applications. Apart from biomedical and biotechnological applications, we envision this versatile bacteria-printing platform to be used for the additive manufacturing of a new generation of biologically generated functional materials.

MATERIALS AND METHODS
=====================

Flink formulations and preparation
----------------------------------

The following chemicals were used as received if not otherwise mentioned: sodium hyaluronate (HA; BulkSupplements), κ-CA (Acros Organics), fumed silica WDK V15 (FS; Wacker Chemie), ethanol, triethylamine, tetrabutylammonium bromide, glycidyl methacrylate (GM), 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), and hexamethyldisilazane (HDMS; Sigma-Aldrich). All Flink formulations contained the same weight ratio of 1:1:1 of HA, κ-CA, and FS or a multiple thereof. For a typical Flink, the bacterial broth (containing no bacteria) was first heated to 80°C. κ-CA and HA were added simultaneously in concentrations of χ weight % each and dissolved using a dynamic mixer (2000 rpm for 5 min). Once all components were dissolved, the resulting gel was cooled to room temperature under rigorous stirring, forming a microgel. Further cooling to 4°C was performed in an ice bath. To prevent the formation of larger gel aggregates, mixing was continued at a high shear rate (2000 rpm) until a soft gel was formed. Thereafter, χ weight % FS was added and mixed until a viscoelastic gel was reached.

For the bacteria-laden Flinks, 500 μl of a concentrated fully grown bacteria stem solution was added to 10 ml of Flink and gently stirred to inoculate the Flink. Colony-forming units (CFU) were used to quantify the amount of viable bacteria used: a maximum of 10^7^ CFU/ml for *A. xylinum* and 10^9^ CFU/ml for *B. subtilis*.

HA functionalization and preparation of light-curable Flink
-----------------------------------------------------------

HA was functionalized with GM by following a procedure published by Leach and Schmidt ([@R47]). In short, 1 g of HA was dissolved in DI H~2~O. Triethylamine (2.2 ml), GM (2.2 ml), and tetrabutylammonium bromide (2.2 g) were added separately and thoroughly mixed before the next component was added. Once all components were dissolved, the solution was incubated at 60°C for 1 hour, resulting in GM-functionalized HA, abbreviated as GMHA. The product was extracted through precipitation in cold ethanol (0°C) before lyophilization.

The ink formulation procedure described above was also used for the preparation of light-curable Flinks by solely replacing HA with GMHA. In addition, 1 wt % Irgacure 2959 was added to the final gel as a water-soluble photoinitiator.

3D printing of Flinks for bioremediation
----------------------------------------

3D objects printed for bioremediation and multimaterial demonstrations were fabricated using the following workflow: BioCAD 1.1 (regenHU Ltd.) was used to make computer-aided design drawings of the objects. The resulting G-code was then transferred to a commercially available 3D printer (3D Discovery, regenHU Ltd.). The Flinks were transferred to 10-cm^3^ amber printing cartridges and subsequently degassed in a planetary mixer for 5 min at 2200 rpm (ARE-250, Thinky). Every Flink formulation was sequentially deposited by a separate pressure-driven printhead. Printing pressures of less than 0.3 MPa are required for extrusion. These low pressures do not adversely affect bacterial viability because pressures higher than 100 MPa are required to kill bacteria ([@R48]). Moreover, the viscoelastic nature of the inks leads to shear stresses predominantly at the inner wall of the orifice and not in the central bulk of the extrudate. This protects bacteria from shear stresses occurring during printing.

The light-curable Flinks were cross-linked in a layer-by-layer fashion using an OmniCure S1000 (Lumen Dynamics). Each layer was illuminated for 60 s.

3D printing of Flinks for biomedical applications
-------------------------------------------------

A custom-built four-axis 3D printer was used to scan and print onto nonplanar surfaces. First, a doll face was scanned using a high-accuracy laser displacement sensor (LK-H150, Keyence Corporation). Grasshopper (Rhinoceros, Robert McNeel & Associates) was used to generate a nonplanar print path on the previously scanned surface (detailed information in section S2).

Flink containing *A. xylinum* was extruded with a volumetric-controlled eco-PEN 300 (ViscoTec). The prints were incubated in a sealed container at saturated humidity and at 28°C for 5 days. After incubation, the bacterial cellulose scaffolds were strong enough to be removed from the substrate by hand and were then placed in distilled H~2~O to prevent them from drying. For fluorescent labeling of the bacterial cellulose, 0.5 wt % of Fluorescent Brightener 28 (Sigma-Aldrich) was added to the solution. To activate the dye, a few drops of 1 M NaOH were added to achieve a slightly alkaline solution (pH 7.5 to 8). After 5 min, the labeled cellulose scaffold was rinsed extensively with distilled H~2~O to wash away excess dye. A handheld UV lamp (365 nm; UVP LLC) was used to induce fluorescence of the labeled bacterial cellulose.

To prepare the samples for SEM, the substrates were immersed into increasing concentrations of ethanol (30, 50, 70, 90, and 95%) for 10 min each. Finally, they were rinsed twice in 100% ethanol for 5 min each. Ethanol dehydration was followed by a gradual replacement with HDMS that was left to evaporate in a fume hood overnight ([@R13]).

Rheology
--------

A full rheological characterization was performed using couette, plate-plate, and cone-plate geometries mounted on strain- and stress-controlled rheometers (MCR501 and MCR702, Anton Paar). In a precharacterization step, the single components (κ-CA, HA, and FS) were measured at a concentration of 1 wt % in water. The three components combined formed the Flink at 4.5, 6, and 9 wt % with equal amounts of each constituent (multiple of 1:1:1 ratio of κ-CA/HA/FS). Flow curves were obtained in strain rate--controlled measurements at shear rates from 0.01 to 100 s^−1^ in time-controlled measurements. Oscillatory amplitude sweeps were carried out at a frequency of 1 rad/s, with deformations ranging from 0.01 to 100%. The ink with modified HA was also measured under the conditions described above. For the Flinks and single components, a CC17/CC27 cocylindrical couette geometry was used.

To study the recovery behavior of the ink after printing, the shear forces exerted during extrusion were simulated by shearing the ink at a shear rate of 70 s^−1^ for 100 s, followed by the measurement of the viscosity over time at a shear rate of 0.1 s^−1^. In addition, the 4.5 wt % Flink was measured in an oscillatory time sweep, followed by a shear period of 1 min at 70 s^−1^ and finally by a time sweep. Cast hydrogel circles with a diameter of 26 mm were cross-linked in situ while measuring with a plate-plate geometry in oscillatory mode.

Strains and culture media
-------------------------

*P. putida* DSM50222 and Kt2442 were grown at 30°C in 0.5× concentrated brain-heart infusion (^1^/~2~ BHI) medium (BioLife) or in MM containing Na~2~HPO~4~·12H~2~O (5.4 g/liter), KH~2~PO~4~ (1.4 g/liter), (NH~4~)~2~SO~4~ (0.5 g/liter), MgSO~4~·7H~2~O (0.2 g/liter), and trace mineral supplement \[5 ml/liter; MD-TMS, American Type Culture Collection (ATCC)\]. *B. subtilis* DSM675 was grown at 30°C in LB medium. *A. xylinum* ATCC-700178 (also known as *G. xylinus*) was provided by A. Ferrari from the Laboratory of Thermodynamics of Emerging Technologies at ETH Zürich and grown in yeast extract (5 g/liter; BioLife), mannitol (25 g/liter; Sigma-Aldrich), and peptone (3 g/liter) in water.

Phenol degradation assay
------------------------

To adapt bacteria to growth in the presence of phenol, cultures of *P. putida* DSM50222 were incubated for 12 hours at 30°C in ^1^/~2~ BHI medium supplemented with phenol (400 mg/liter). Cultures were pelleted by centrifugation and resuspended in MM for ink preparation or direct inoculation. Cells (1 × 10^8^) were either printed as a grid before incubation or directly incubated at 30°C in 25 ml of MM containing phenol (400 mg/liter). Cell growth (OD~600~) and phenol degradation were monitored over 135 hours. Phenol concentrations were determined essentially as described by Yang and Humphrey ([@R43]). Briefly, cells were removed by centrifugation, and 25 liters of cell-free sample was mixed with 250 liters of 1% Fe(CN)~6~ and 1250 liters of 1% 4-aminoantipyrine, both dissolved in 0.1 M glycine buffer (pH 9.7). Absorbance of the red product was measured at 505 nm using a spectrophotometer and compared to a standard curve ([@R43], [@R44]).

Toxicity assay
--------------

Overnight cultures of *B. subtilis* and *P. putida* were incubated with ink components for 1 hour and/or exposed to UV light (365 nm for 60 s at 90 mW), as indicated. Serial dilutions were subsequently plated on LB and ^1^/~2~ BHI agar, respectively. After 12 hours of growth, bacterial colonies were quantified.
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section S1. Free-spanning length calculation

section S2. Printer software and hardware

fig. S1. Toxicity assay for *P. putida* and *B. subtilis*.

fig. S2. Frequency sweep of a 3 wt % Flink from 0.1 to 100 rad/s at a strain of 1%.

fig. S3. Flow curve of 3 wt % Flink-GMHA and 3 wt % Flink.

fig. S4. A printed grid structure using a 4.5 wt % Flink-GMHA loaded with *P. putida*, a known phenol degrader, was incubated in an MM with phenol as the only carbon source (left).

fig. S5. Examples of 3D printed shapes after bacterial cellulose growth and removal of the Flink.

table S1. Data obtained from the oscillatory amplitude sweep measurements for 3, 4.5, 6 and 9 wt % Flinks.
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